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Comparative analysis of nuclear Overhauser effects how that the time average conformation of the wild-type and mutant Pro-+Ala-35 Rhodobacrer 
cupsulatus cytochrome c, are indistinguishable. The ring resonances of Phe-51 and Tyr-53 show that their ring flip rates increase in P35A. NH 
proton exchange studies show that the exchange rates of the NH of Gly-34 and the N,H of His-17 increase by x 102 in P35A suggesting that 
their respective hydrogen bonds are destabilized in this protein. However, 3J,~n ‘H and rSN chemical shift data argue that these bonds are intact. 
These data are compatible if the replacement of a Pro with an Ala residue forms a cavity or increases local flexibility thus reducing steric hinderance 
and increasing solvent accessibility. 
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1. INTRODUCTION 
The midpoint reduction oxidation potential of the c- 
type cytochromes is believed to be determined by a 
number of factors including the nature of the Fe 
ligands, imidazole orientation, ionization of the heme 
propionates and the relative hydrophobicity of the 
heme environment ([l] and references therein). The 
sixth heme-Fe ligand is always His and is found at the 
C-terminal end of the N-terminal helix. The His ring N, 
is coordinated with the Fe while the proton of the ring 
N,H is hydrogen bonded with a strictly conserved Pro, 
located at position 35 in Rhodobacter capsulatus 
cytochrome cz (fig. 1). Evidence for this hydrogen bond 
includes the X-ray structures of tuna cytochrome c [2] 
and Rhodospirillium rubrum cytochrome CZ. [3,4] and in 
‘H NMR experiments of R. rubrum cytochrome cz 
where the N,H slowly exchanges for deuterium [5]. This 
Pro is believed to be invariant as it would constrain the 
protein backbone and orient its carbonyl to form this 
hydrogen bond. The recent cloning and over-expression 
of R. capsulatus cytochrome c2 and its Pro-Ala-35 
(P35A) mutant has initiated an investigation of the role 
of this Pro in structure and function. In that regard, the 
near complete assignment of the ‘H and 15N NMR spec- 
tra of R. capsulatus cytochrome cz have been achieved 
[6]. Circular dichroism, NMR and near-infra-red spec- 
troscopies show that P35A is structurally in- 
distinguishable from the wild type (Gooley et al., in 
preparation). The mutantt is functional in vivo and has 
a midpoint redox potential only 10 mV less than the 
wild-type protein. However, both the oxidized and 
reduced forms of the mutant protein are 1 kcal/mol less 
stable than the respective wild-type forms (M.A. 
Cusanovich and M.S. Caffrey, personal communica- 
tion). 
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This paper shows that while the time average struc- 
tures of the wild-type and P35A cytochrome cz are in- 
distinguishable, the rings of Phe-51 and Tyr-53 increase 
in flip rates. 
Abbreviutions: NMR, nuclear magnetic resonance spectroscopy; lD, 
one-dimensional; 2D, two-dimensional; HMQC, 2D heteronuclear 
multiple quantum correlated spectroscopy; TOCSY, 2D total cor- 
related spectroscopy; DQF-COSY, 2D double quantum filtered cor- 
related spectroscopy; NOE, nuclear Overhauser effect; NOESY, 2D 
NOE spectroscopy 
In addition, the NH exchange rates for the N,H of 
His-17 and NH of Gly-34 increase in P35A suggesting 
destabilization of their respective hydrogen bonds. 
However, 3Ju~us ‘H and ‘*N chemical shift data argue 
that these hydrogen bonds are intact. The data are com- 
patible if there is a cavity created or an increase in local 
flexibility that both reduces steric hinderance and in- 
creases solvent accessibility. 
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Fig. 1. Model of the local environment of Pro-35 in R. capsulatus 
cytochrome cz based on the X-ray coordinates of R. rubrum [4]. The 
hydrogen bonds between the NH of Gly-34 and CO of Cys-16 and be- 
tween the N,H of His-17 and CO of Pro-35 are shown. 
2. EXPERIMENTAL 
Recombinant bacteria were grown by respiration (aerobic, dark) on 
RCVB minimal media [7] supplemented with tetracycline (2.5 pg/ml) 
in a 16 liter fermentor. “N-enriched cytochrome c2 was obtained by 
replacing the nitrogen source in the media with (“NH&S04 
(Isotech). Cytochrome c2 was purified according to the method of 
Bartsch [I?] except that cell extracts were prepared by sonication or 
french press and cell debris was removed by centrifugation at 
130 000 x g for 2 h. Samples of ferrocytochrome c2 for NMR were 
prepared by reducing the protein with dithionite, dialyzing and con- 
centrating to l-3 mM in 50 mM phosphate, 0.5 mM dithiothreitol, pH 
6 at 4°C. 
NMR spectra were recorded on a Bruker AM-500. Conventional 
pulse sequences for ‘H-“N HMQC [9] and TOCSY [lO,l l] were used. 
Competing ROE effects in the TOCSY experiment were minimized 
with a delay 2.4 times the 90” pulse inserted between each pulse of 
each block of the MLEV-17 spin lock [12]. To reduce baseplane 
distortions, the phases of the receiver and of the signal were optimized 
1131. 
3. RESULTS 
In fig.2 the aromatic regions of TOCSY spectra of 
reduced P35A and wild-type cytochrome cz are shown. 
For the wild-type protein the connectivities of Tyr-53 
show that the ring of this residue is slowly flipping on 
the NMR time scale. Similarly, the broad resonances of 
Phe-5 1 show that this ring is flipping at an intermediate 
rate. For P35A, under the same conditions, the connec- 
tivities for these rings show that the ring of Phe-5 1 flips 
at a fast rate and Tyr-53 at an intermediate rate. In both 
proteins the H4 ring proton of Phe-51 shows NOES to 
both CYH protons of Gly-34 indicating that this ring is 
near Pro-35. Indeed based on the X-ray structure of R. 
rubrum cytochrome cz [4] the ring of Phe-51 and the 
sidechain of Pro-35 are expected to be oriented parallel 
to each other in R. capsulatus (fig.1). Similarly NOES 
between Phe-5 1 and Tyr-53 show these residues are near 
each other in both wild-type and P35A. The OH group 
of Tyr-53 is observed in NOESY spectra of P35A and 
wild-type indicating that it is in slow exchange. This 
observation is consistent with the OH being hydrogen 
bonded to the rear heme propionate [2-41. These data 
show that the time average orientations of the rings of 
Phe-51 and Tyr-53 along their C(l)-C(4) axes are the 
same in both proteins. 
To further observe the consequences of the mutation 
on protein dynamics, the proton-deuterium exchange of 
the resolved N,H of His-17 was followed by 20 min 1D 
‘H acquisitions over a time course of 30 days. Rate con- 
stants were calculated exponential least-squares 
analysis. This proton exchanges with a rate constant of 
0.58+0.06x 1O-5 min-’ in wild-type and 
0.22-tO.01 X low3 min-’ in P35A. Similarly, exchange 
of peptide NH protons were followed by 25 min ‘H-*‘N 
HMQC acquisitions recorded over a 5-day period. The 
most significant observation in these spectra is the ex- 
change rate of the NH of Gly-34. In wild-type this pro- 
ton shows an exchange rate of 0.44 + 0.04 x lo- 3 min- ’ 
while in P35A the proton exchanges faster than can be 
detected by these experiments (> 0.5 x lo- ’ min- ‘). 
While the above results suggest that the respective 
hydrogen bonds are destabilized, analysis of chemical 
shift data does not agree with this conclusion. For ex- 
ample, in the 15N spectrum of P35A the N, resonance 
shifts by 1 ppm further downfield and the N, resonance 
shifts by 0.26 ppm further upfield, relative to their 
respective resonances in the wild-type (fig.3). Previous 
studies on the “N chemical shift of His residues cor- 
relates chemical shift with protonation state and 
hydrogen bond formation [ 14,151. The chemical shifts 
of the His-17 ring nitrogens agree that the N,H is 
hydrogen bonded [5]. Furthermore the differences in 
chemical shift between wild and P35A argue that the 
hydrogen bond of the N,H of His-17 and CO of residue 
35 is slightly shorter in P35A. In support of a shorter 
hydrogen bond, the N,H resonance shifts 0.1 ppm fur- 
ther downfield in the ‘H spectrum of P35A relative to 
this resonance for wild-type [16]. These arguments can 
be extended to the hydrogen bond between Gly-34 and 
Cys-16. The ‘H chemical shift of the NH resonance of 
Gly-34 is 7.1 ppm in both wild-type and P35A sug- 
gesting that the length of this hydrogen bond is the same 
in both proteins. The chemical shift of this NH proton 
is consistent with a long hydrogen-oxygen distance [171. 
Assuming no ring current effects and using the formula 
ANN= 19.2dne3-2.3, where A& is the observed ‘H 
chemical shift of the NH proton minus the random coil 
value and dN - 3 is the distance between the NH proton 
and oxygen acceptor, the hydrogen bond between the 
NH of Gly-34 and CO of Cys-16 is calculated to be 2.7 
A. This value compares favourably to 2.7 A for tuna 
cytochrome c [2] and 2.9 A for R. rubrum cytochrome 
c2 [4]. In fig.4 cross-sections parallel to the 15N dimen- 
sion of a high resolution ‘H-15N HMQC spectrum [18] 
for a number of r5NH resonances of P35A and wild 
type cytochrome cz are shown. Measured 3Ja~u show 
that the dihedral angle 4 is the same for Gly-34 of P35A 
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Fig.2. Section of a TOCSY spectrum showing the connectivities for the aromatic resonances of (A) wild-type and (B) P35A R. capsularus fer- 
rocytochrome ~2. The connectivities for Phe-51 and Tyr-53 are labelled. The spectra were acquired with a mixing time of 70 ms on 2-3 mM 
cytochrome cz in DrO, 50 mM phosphate, 0.5 mM dithiothreitol at 30°C and pH 6. Assignments were determined from a combination of DQF- 
COSY, NOESY and TOCSY spectra recorded at 30 and 40°C. 
and of wild-type. Similar measurement of 3Ju~n of 
His-17 suggests that the peptide unit of the NH of 
His-17 and the CO of Cys-16 has a similar orientation 
in both proteins. These data argue that the orientation 
and electronic environment of the NH proton of Gly-34 
is the same in both proteins and that the hydrogen bond 
with Cys-16 is intact. 
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Fig.3. Part of the 1D r5N spectra of (A) wild-type and (B) P35A R. 
capsulatus ferrocytochrome CZ. The ring nitrogens of His-17 are 
labelled. Spectra were acquired on 2-3 mM cytochrome cz in 90% 
HtO/lO% DaO, 50 mM phosphate, 0.5 mM dithiothreitol at 30°C 
and pH 6. “N chemical shifts are referenced to (“NH&S04 at 22.3 
Fig.4. Cross-sections parallel to the “N axis of rH-r5N correlations 
from HMQC spectra of wild-type and P35A. The spectra were pro- 
cessed with no resolution enhancement in the “N dimension and zero- 
filled to 0.73 Hz/point. Spectra were acquired on 1-2 mM 
cytochrome c2 in 90% H20/10% DzO, 50 mM phosphate, 0.5 mM 
dithiothreitol at 30°C and pH 6. Measured 3Ju~n for the two 
neighboring residues of residue 35, Gly-34 and Asn-36, show no 
significant difference arguing that the mutation does not effect the 
orientation of the backbone. The shoulder on the side of the wild-type 
ppm. Asn-36 resonance has been assigned to the oNH of Lys-77. 
WILD P35A 
H17 9 Hz All 1OHz 
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4. DISCUSSION 
In addition to reducing the constraint of the protein 
backbone the mutation Pro-Ala-35 in R. c~p~u~at~s 
cytochrome cz will introduce an additional NH proton 
and remove a CH2-CH moiety. These changes may have 
direct effects on the protein’s stability. The predicted 
destabilization for exchanging a proline for an alanine 
residue in an hydrophobic environment is approximate- 
ly 0.24 kcallmol [19]. Other workers, however, have 
shown that the loss of a -CH2- group can reduce a pro- 
tein’s stability by 1 kcal/mol, suggesting that the loss of 
a CHZ-CH moiety should further destabilize a protein 
1201 f 
Guanidine-HCl titrations show that P35A is 1 
kcal/mol less stable than wild-type cytochrome c;?. The 
above general observations uggest that the difference 
may be accountable by the simple replacement of the 
Pro for Ala residue. As the NOE data indicate that the 
time average structures of P35A and wild-type are in- 
distinguishable, the mutation has either left a cavity or 
increased the flexibility of the protein in the region of 
the mutation. This alteration is reflected in the increas- 
ed NH exchange rates which, as argued above, must be 
due to increased solvent accessibility and not hydrogen 
bond destabilization. The proposal of a cavity argues 
that NH exchange may occur by a solvent penetration 
model [21], whereas increase in conformer populations 
argues that NH exchange may occur by a local un- 
folding model [22]. 
Assuming a Van der Waal’s radius of 2 A for a 
tetrahedral -CH2- group, the loss of a CH2-CH moiety 
would leave a cavity of 30-40 A3 easily accommodating 
an Hz0 molecule which requires 11.5 A3 1231. Solvent 
access may be increased by additional side chain mo- 
tions, as indicated by the increased ring flip rates of 
Phe-51 and Tyr-53. An internal water molecule requires 
the formation of three hydrogen bonds, either to other 
nearby water molecules or to polar groups of the pro- 
tein. The NH of Ala-35 is available to form a hdyrogen 
bond and additional groups such as the CO of Ala-35 
and Cys-16 may form partial hydrogen bonds with 
water and therefore accelerate the exchange of the NH 
of Gly-34 and the N,H of His-17. Equally compatible 
with the data is a model samples a larger number of 
conformers, including unfolded species, for P35A but 
where the average conformer is the same as the wild- 
type. In this model, instead of a cavity providing sol- 
vent access, the additional conformers would expose 
the NH protons to the solvent thus increasing their ex- 
change rates. 
It has recently been suggested that measurement of 
the exchange rate of the N,H of the His heme-ligand 
may correlate with the midpoint redox potential [5]. 
Clearly, in this paper, it is shown that the exchange rate 
of this proton does not necessarily correlate with the 
redox potential and argues that the protein can tolerate 
228 
a more flexible and hydrated environment in this 
region. A more precise correlation with redox potential 
may be the chemical shift of the N, and N, nuclei which 
would indicate strength or length of the hydrogen bond 
between the N,H of the His and the CO of the Pro. It 
may be observed for c-type cytochromes that a com- 
bination of the hydrogen bond strength and 
hydrophobicity of this region correlates with redox 
potential. 
Acknowledgements: This work was supported by the Arizona 
Research Laboratories Division of Biotechnology and by Grants 
BRSGS07-RR07002 and RR05605 from the NIH. We thank Michael 
Caffrey and Dr Michael Cusanovitch for providing the wild-type and 
P35A r~ombin~t bacteria, Ellie Neilson, Lori Hardaway and Dr 
Bob Bartsch for purifying the proteins, and Dr John Rupley for his 
criticism of the manuscript. 
REFERENCES 
111 
PI 
t31 
t41 
VI 
161 
I71 
[81 
[91 
I101 
1111 
1121 
1131 
1141 
1151 
1161 
1171 
1181 
[191 
1201 
[211 
[221 
[231 
Cusanovich, M.A., Meyer, T.E. and Tollin, G. (1988) in: 
Advances in Inorganic Biochemistry, Heme Proteins 7 (Eichron, 
G.L. and Manzilli, L.G. eds) pp. 37-92, Elsevier, New York. 
Takano, T. and Dickerson, R.E. (1981) J. Mol. Biol153,79-94. 
Salemme, F.R., Kraut, J. and Kamen, M.D. (1973) J. Bio. 
Chem. 248, 7701-7716. 
Bhatia, G.E. (1981) Ph.D. Thesis, University of California, San 
Diego, 
Yu, L.P. and Smith, G.M. (1988) Biochemistry 27, 1949-1956. 
Gooley, P.R., Caffrey, M.S., Cusanovich, M.A. and 
MacKenzie, N.E. (1989) Biochemistry, in press. 
Weaver, P.F., Wall, J.D. and Gest, H. (1975) Arch. Microbial. 
105, 207-216. 
Bartsch, R.G. (1978) in: The Photosynthetic Bacteria {Clayton, 
R.K. and Sistron, W.R. eds) p. 253, Plenum, New York. 
Bax, A., Griffey, R.H. and Hawkins, B.L. (1983) J. Magn. 
Reson. 55, 301-315. 
Braunschweiler, L. and Ernst, R.R. (1983) J. Magn. Reson. 53, 
521-528. 
Rance, M. (1987) J. Magn. Reson. 74, 557-564. 
Ernst, R.R. (1988) XIII International Conference on Magnetic 
Resonance in Biological Systems, Madison WI, USA. 
Bax, A. and Marion, D. (1988) J. Magn. Reson. 78, 186-191. 
Bachovchin, W.W. and Roberts, J.D. (1978) J. Am. Chem. Sot. 
100, 8041-8047. 
Bachovchin, W.W. (1986) Biochemistry 25, 7751-7759. 
Pate& D.J., Canuei, L.L., Woodward, C., and Bovery, F.A. 
(1975) Biopolymers 14, 959-974. 
Pardi, A., Wagner, G. and Wiithrich, K. (1983) Eur. J. 
Biochem. 137, 445-454. 
Kay, L.E., Brooks, B., Sparks, S.W., Torchia, D.A. and Bax, 
A. (1989) J. Am. Chem. Sot. 111, 5488-5490. 
Fauchere, J.-I. and Pliska, V. (1983) Eur. J. Med. Chem. Chim. 
Ther. 18, 369-375. 
Keliis, Jr, J.T., Nyberg, K., Sali, D. and Fersht, A.R. (1988) 
Nature 333, 784-786. 
Woodward, C.K. and Hilton, B.D. (1980) Biophys. J. 32, 
561-575. 
Englander, S.W., Calhoun, D.B., Englander, J.J., Kallenbach, 
N.R., Liem, H., Malin, E.L., Mandal, C. and Rogero, J.R. 
(1980) Biophys. J. 32, 577-589. 
Rashin, A.A., Iofin, M. and Honig, B. (1986) Biochemists 25, 
3619-3625. 
